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Calcium signalling: How do IP3 receptors work?
Alan P. Dawson
The intracellular receptor for inositol 1,4,5-
trisphosphate (IP3) is responsible for generation and
control of very complex Ca2+ signals. New experimental
approaches to studying the kinetics of the IP3 receptor
are now beginning to give some insight into the
mechanisms behind its rather bizarre properties.
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Since the first experimental data appeared showing that
inositol 1,4,5-trisphosphate (IP3) can release Ca2+ from
intracellular stores, back in 1983, there has been a steady
increase in the level of detail at which intracellular Ca2+
signals can be studied and in the complexities of the phe-
nomena revealed. Many cell types respond to agonist
stimulation by increased IP3 production, effected by acti-
vation of the enzyme phospholipase C, which cleaves the
precursor molecule phosphatidylinositol 4,5-bisphosphate
(PIP2). In most such cell types, however, this results not in
a simple rise in intracellular free Ca2+ concentration, but
in a variety of oscillatory changes in free Ca2+. What is
more, these oscillations are spatially organised, so that a
Ca2+ wave can pass from a point (or points) of origin
throughout the rest of the cell, and in some cases on to and
through neighbouring cells. It is now clear, however, that
below this level of oscillations and waves is a hierarchical
series of sub-threshold events — abortive Ca2+ waves that
never quite make it to propagation [1]. The observation of
such events — so-called quarks, blips, puffs and sparks, in
increasing order of size — by confocal imaging of Ca2+-
sensitive fluorescent dyes, has led to an understanding
that Ca2+ signalling in cells is not necessarily an all-or-
none process, but can be graded even within a single cell.
A large number of proteins are important in generating
cytosolic Ca2+ signals — such as Ca2+ channels in the
plasma membrane and Ca2+ pumps in the plasma mem-
brane and the endoplasmic reticulum (ER) — but the key
components in the generation of blips, puffs, sparks and
waves are ligand-gated Ca2+ channels in the ER. A variety
of these are known: the IP3 receptors, of which there are at
least three different isoforms in mammalian cells (type 1,
type 2 and type 3), and the ryanodine receptors, character-
istically found in muscle cells but with isoforms in non-
muscle cells. IP3 receptors and ryanodine receptors, and
different isoforms of each, are known to be co-expressed in
individual cell types. It is also likely that the IP3 receptor
can exist as heterotetramers of different isotypes. But
although such a diversity of receptors may contribute to
the wide variety of types of oscillations and responses in
different cell types, a single IP3 receptor subtype is appar-
ently sufficient for the generation of oscillations and
waves. Liver cells, for example, the first cell type in which
Ca2+ spikes were discovered and the subject of a recent
Current Biology paper by Marchant and Taylor [2], contain
predominantly type 2 IP3 receptors with no functional
ryanodine receptors. The new results show how coopera-
tive receptor activation by IP3 and Ca2+ acts as a kind of
coincidence detection mechanism, which may help over-
come the instability problem associated with a positive
feedback system such as the IP3 receptor.
Properties of IP3 receptors
The molecular architecture of the IP3 receptor is pictured
in Figure 1. The whereabouts of the Ca2+ channel(s) is still
in doubt. Channel opening is normally found to be posi-
tively cooperative with respect to IP3 (Hill number of about
3), so it may be that the whole tetramer is required to form a
single channel. Alternatively, each subunit could have its
own channel, with cooperativity arising in some other way.
Channel opening in the presence of IP3 shows some very
complicated features. But irrespective of whether channel
kinetics are measured in intact cells, permeabilised cells,
ER fragments (microsomes) or even using purified receptor
molecules in liposomes, some common features are seen.
It is generally observed that a sub-maximal dose of IP3
causes the rapid release of only part of the Ca2+ pool, with
a rapid shut-off of the release process. Addition of further
IP3 doses will then release further fractions of the Ca2+
pool [3]. This so-called quantal response (or increment
detection) is one of the major behavioural problems that
IP3 receptors present. Immediately after the addition of
IP3, there is a latent period of the order of 20–30 msec
before any Ca2+ release is seen, followed by a build up to a
maximal rate of release over a further 100 msec or so [2–5].
In most kinetic studies where Ca2+ release triggered by
IP3 is measured on a rapid time scale, the process is
markedly biphasic. There is a very rapid phase of release,
followed by a slower phase. In most instances, these
phases can each be treated as a single exponential, with
rate constants differing by about ten-fold [2,3,6].
The kinetics of IP3-gated Ca2+ release are profoundly
affected by Ca2+ ions. In the 10 nM to 1 µM range, increas-
ing cytosolic Ca2+ potentiates Ca2+ release by IP3, to the
extent that Ca2+ and IP3 can be regarded as co-agonists for
Ca2+ release. At 10 nM Ca2+, IP3 addition causes very little
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Ca2+ release, but this can be triggered by addition of Ca2+.
At a higher concentration than 3 µM, however, cytosolic
free Ca2+ is found to be inhibitory. Thus, released Ca2+ can
be thought of as sequentially having a positive and then a
negative feedback effect on the receptor [7]. A further
complication, revealed by a variety of recent studies, is that
in addition to activating the receptor, IP3 also starts an
inactivation process, which runs on a slower time-scale (t½
of several seconds) than the activation process [2,8,9].
The kinetics of the IP3 receptor have mainly been studied
using two different measuring techniques. The first tech-
nique involves the use of calcium-sensitive fluorescent
dyes, such as Fluo 3, coupled with a rapid delivery of IP3,
for example by stopped-flow or flash-release of caged
compound. The second technique is that of rapid perfu-
sion, using 45Ca. The first method relies on changes in
Ca2+ concentration on the cytosolic side, so that positive
and negative feedback effects may influence the measure-
ment. With the second method, however, it is possible,
using fast perfusion rates and concentrated Ca2+ buffers,
to clamp the Ca2+ concentration on the cytosolic face of
the receptor at set values.
The mechanistic basis of IP3 receptor kinetics
Given the differences in experimental approach and the
different experimental systems, the similarity of kinetic
patterns, described above, is remarkable. We are still some
way, however, from understanding the molecular machin-
ery involved. One possible explanation for biphasic kinet-
ics of Ca2+ release and quantal behaviour is that Ca2+
stores are heterogeneous. Early explanations of quantal
release invoked a series of sub-compartments of Ca2+
stores with different sensitivities to IP3. Also, it has been
suggested that the rapid phase of Ca2+ release constitutes
efflux from sub-compartments with a high density of IP3
receptors, while the slow phase is efflux from less well
populated sub-compartments [10].
These factors may well be at least contributory in some
experimental systems, but they do not constitute a full
explanation. Purified type 1 IP3 receptors in lipid vesicles
show both quantal release and biphasic kinetics [6]. If dif-
ferent densities of receptors in different liposomes was the
explanation, firstly it would be expected that the propor-
tion of fast and slow phases would be independent of IP3
dose, which it is not, and secondly that the density of
receptors would be spread on a strictly random basis, not
segregated into two populations with one population con-
taining 5–10 times the receptor density of the other.
A further contributor to the initial fast phase of Ca2+
release may be positive feedback from released Ca2+, fol-
lowed by slowing due to negative feedback. However, the
rapid perfusion methods also show fast release followed by
decay to a slower release rate [2,9]. While the Ca2+ depen-
dence of the fast phase is consistent with positive feed-
back, it is unlikely that negative feedback from
bulk-solution Ca2+ could be responsible for the transition
to the slow phase, because of the fast perfusion rate and
the presence of Ca2+ buffers. Feedback from a domain
inside the channel [11] remains a possibility.
In their recent study, Marchant and Taylor [2] have thor-
oughly investigated the latent period — the time taken
between IP3 addition and the release of Ca2+. At a free
Ca2+ concentration of 200 nM, the latency was found to be
dependent on the IP3 concentration, with a minimal value
of about 30 msec when extrapolated to infinite IP3. This is
too slow to be a ligand binding event, and quite slow on
Figure 1
The IP3 receptor is a tetramer of
250–300 kDa, with a large cytosolic domain
with binding sites for various regulatory
molecules, including IP3. In most studies,
channel opening by IP3 was markedly
cooperative (Hill number about 3), suggesting
the sort of model shown in (a), where, when
all four IP3 sites are occupied, a single Ca2+
channel opens. In some studies ([5] for
example), however, little or no cooperativity
was seen, so the model shown in (b) remains
a possibility, where each subunit has its own
Ca2+ channel and where cooperativity, when
observed, arises from Ca2+ feedback effects
or other forms of subunit interaction. Also
shown is positive feedback by released Ca2+,
which could act both on the releasing channel
and an adjacent one, resulting in an
accelerating Ca2+ release profile and spatial
propagation of the Ca2+ wave.
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the general time scale of protein conformational changes.
The latency decreased, however, when the free Ca2+ con-
centration was increased. Simultaneous delivery of 17 µM
Ca2+ and 60 µM IP3 — the simultaneity being necessary
to avoid Ca2+-dependent inactivation — reduced the
latency to an almost unmeasurable level.
These results strongly indicate that binding of IP3 to its
receptor exposes a regulatory Ca2+ binding site, which
must be filled before the channel can open. It is known,
however, that incubation with IP3 leads to some form of
inactivation of the receptor. Marchant and Taylor [2]
suggest that IP3 binding sets a molecular timer running
thatl leads to inactivation; if Ca2+ binds before the inactiva-
tion, the channel will open, the Ca2+ efflux rate will build
up to a maximum and then, as the clock keeps ticking, will
slow down, giving biphasic release kinetics with a Ca2+-
dependent latency and activation period (as observed).
This idea is very attractive, because it overcomes the
problem of instability associated with any positive
feedback system. ‘Coincidence detection’, as proposed by
Marchant and Taylor [2], would cut down the possibility of
spontaneous firing and also suggests a mechanism that
could stop blips, puffs and sparks from developing into full
propagating waves. Horne and Meyer [12] have recently
provided strong evidence that Ca2+ wave propagation does
depend on cytosolic Ca2+ changes by showing that, in the
presence of the Ca2+-chelating agent EGTA in the cytosol
of rat basophilic leukemia cells, only local events (puffs)
are seen. This is fully consistent both with the idea that
positive feedback from released Ca2+ is required for wave
propagation and also with the Marchant and Taylor [2]
model, where slowing the change in cytosolic free Ca2+
would limit the radius of spread of the wave.
As yet, however, the model proposed by Marchant and
Taylor [2] does not provide a full explanation of IP3 recep-
tor behaviour, as it does not allow for increment detection.
Inactivation of the receptor involves transition to an inac-
tive state that binds IP3 more tightly than the active state
(Figure 2), so that inevitably the whole receptor pool
becomes inactive even at sub-maximal IP3 levels. There
would then be no receptor left to respond to a further IP3
challenge. A second response is, however, known to occur
under very similar experimental conditions to those used
by Marchant and Taylor [9,13]. This observation seems to
require that the inactive state can in some way be con-
verted to a low-affinity, activatable state. Such a conver-
sion would depend on an energy input (as also pointed out
in [3]), which might be from the Ca2+ gradient itself or
from binding/dissociation of luminal Ca2+, which Irvine
[14] has suggested might regulate the receptor. Alterna-
tively, the kinetic model developed by Swillens and col-
leagues [11] to simulate quantal behaviour involves
Ca2+-binding domains in the channel. In this model, it is
movement of Ca2+ along the channel, successively
through mutually exclusive activating and inhibiting sites,
thatdetermines the flux of Ca2+, rather than equilibria
between bulk phase Ca2+ and luminal or cytosolic binding
sites. Effectively, the energy input for conformational
change (Figure 2) comes from the Ca2+ gradient inside the
receptor channel. A feature of the model is that it predicts
Ca2+ binding sites that might only be accessible in the
presence of IP3. A clear possibility is that one of these IP3-
dependent Ca2+ binding sites is the same as that predicted
by the data of Marchant and Taylor [2].
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